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Abstract 
The monitoring of road surface anomalies, such as potholes, speed bumps etc., has a great importance in order to ensure 
safety and comfort for all road users, from pedestrian to drivers. The constant mapping of road real conditions also allows 
adequate infrastructure’s maintenance and management operations, together with a consistent allocation of resources. For this 
reason, informing road users on infrastructure quality and getting information from the same users have become the new 
frontier of mobile devices applications for driving assistance and navigation (such as a specific social network for safety 
road). In the light of the above and thanks to the results obtained from previous studies, this paper focuses on the development 
of a useful automated sensing system for the monitoring of road surface quality.  
The system is based on the use of a simple application for smartphones that employs two main sensors piggybacked on 
mobile devices: a GPS receiver for vehicle’s localization and a three axis accelerometer to collect acceleration data due to 
vehicles motion on road anomalies. The information collected during the trip is transferred in real time (1Hz frequency) to a 
central server where data are processed using automated algorithms for signal analysis. In particular, high-energy events are 
identified by monitoring and measuring the vertical acceleration impulse. A statistical analysis of experimental data has led to 
the detection of specific thresholds to which the impulse values are continuously compared. Several experimental tests were 
carried out for corroborating the approach and to validate the system accuracy. Results exhibited high performance of the 
system architecture. This study is part of the extensive research project M2M (Mobile to Mobility, PON co-financed by 
European Regional Development Fund, FESR), that is based on the use of mobile sensor computing systems forgiving real-
time information to road users in order to make the transportation system more safe and comfortable. 
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1. Introduction 
The detection of road surface anomalies (potholes, speed bumps, joints, railroad crossing) and their correct 
localization contribute to the improvement of drivers safety and to the optimization of road maintenance 
operations (Strazdins et al., 2011; Bhoraskar et al., 2012; Praticò, 2007). Road quality assessment has been 
identified as a critical issue related to the possibility of making the transportation system more safe, efficient and 
comfortable. The presence of several types of damages or anomalies on the road surface, in fact, can worsen the 
energy efficiency associated to the transportation, because it determines an increase in fuel and vehicles part 
consumption, especially as regards brakes and suspensions (Perttunen et al., 2011). Bumps and/or potholes 
crossing generates not only vibration inputs in tires and suspension system, but also the deformation of the 
rubber, causing energy losses and increasing rolling resistance. The scientific literature suggests that 
improvements in pavement roughness could directly get better fuel efficiency by approximately 2-6% (Joint 
Eapa, 2004; Jackson et al., 2011). In the last few years, the use of mobile devices technology, aimed to offer road 
users the possibility of obtaining real time information about road or traffic features, has been widely spread. 
Dedicated hardware piggybacked on mobile devices, such as the GPS receiver and the accelerometer, enable the 
collection of localization and acceleration data, respectively, in order to automatically recognize road surface 
anomalies. The use of an automated detection system is a great support for a subsequent manual human 
inspection, reducing the interaction with traffic in the early stages of monitoring. The information obtained by 
mobile devices placed inside the vehicles may be registered and collected in a central server where an updatable 
database can be created.  
In the light of the above and thanks to the results obtained from previous studies, this paper focuses on the 
development of an useful automated sensing system for the monitoring of road surface quality (Astarita et al., 
2012). The system is based on an easy application for Android smartphones which allows the post-processing of 
raw acceleration data by measuring the vertical acceleration impulse, that corresponds to a high-energy event, 
labeled as an “anomaly” on the road surface. In order to correctly measure the vertical acceleration undergone by 
the vehicle, the three dimensional Cartesian frame of the accelerometer has to be well oriented with its axes 
aligned with vehicle’s axes. For this reason a re-orientation procedure trough the Euler angles was necessary. The 
developed system is characterized by a self-generated architecture: thanks to a connection with a central server 
drivers which uses the application can give and receive information, at the same time, about road quality.  
Three main issues were investigated in this paper: i) the development of a methodology for the post-
processing of the acceleration signal, evaluated in terms of impulse, after the application of a re-orientation 
procedure of the vertical axis (Section 3); ii) the identification, by means of a statistical analysis of experimental 
data, of specific thresholds to which the estimated impulse values are continuously compared (Section 4); iii) the 
possibility of  an automated localization of road anomalies when a consistent number of events higher than the 
thresholds is registered in the same location; in this case the server returns to drivers this information for driving 
assistance. In the next section a detailed literature review of the related work is presented. Results are 
summarized in Section 4. Finally, Section 5 includes concluding recommendations and some future perspectives. 
2. Related work 
Many literature researches have been focused on the road quality monitoring with the final purpose of 
improving traffic safety through the collection of information from dedicated applications developed for mobile 
devices. Perttunen et al. (2011) proposed a study based on the detection of road surface anomalies, that contribute 
to road roughness, from acceleration data and GPS readings; the acceleration signal, recorded at a frequency of 
38Hz, was processed by means of a spectral analysis, whereas the GPS signal was filtered by means of a Kalman 
filter in order to reduce noise. The mobile device used in the experimental tests was located inside the vehicle and 
attached to a rack on the windshield; 25 km of a road characterized by several anomalies were travelled. Two 
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categories of anomalies, classified according to their severity, were labeled: i) railroad crossing, small potholes 
and roughness (Type 1) and ii) speed bump, bump, pedestrian crossing with cobblestones, large potholes (Type 
2). In order to face the problem of reading speed values that failed to reach zero when the vehicle stopped, authors 
applied an initial visual correction on the signal, followed by a comparative analysis of the acceleration and the 
GPS readings. By calculating the variance of the norm of the acceleration, the segments of the speed signal equal 
or very close to zero were identified. The acceleration signal was subjected to a Fast Fourier Transformation, 
starting from the idea that bumps and potholes would produce lower frequency components than the vibrations 
due to the vehicle’s engine. The dependence of acceleration peak values on speed was removed creating a new 
linearly independent data set. Results seemed to be satisfactory because the ratio of false positive detected events 
was 3% whereas the false negative ratio reached the 18%, showing a consistent reduction in false negative 
recordings if compared to previous works (Mohan et al., 2008). 
In the study proposed by Das et al. (2010) an application for road bumps monitoring using mobile devices was 
developed and included in a wider research aimed to the creation of a Platform for Remote Sensing using 
Smartphones (PRISM). Also in this case two sensors were used on mobile phones: the three-axial accelerometer 
and the GPS receiver. The information recorded by the accelerometer were locally processed (on the device) for a 
real-time localization of the bumps before shipping back them to a central server. Experimental tests were carried 
out in two different conditions, with and without a forced amnesia of the mobile phone. In this last case the 
application was stopped every 60 seconds and then restarted immediately (in about 5 seconds). Results showed 
that the percentage of detected bumps was about 70% (without phone amnesia) and of about 45% in the other 
case. Another road and traffic state monitoring system was developed by Ravi (Bhoraskar et al., 2012) with the 
purpose of recording braking events, to collect information on traffic congestion, and vertical acceleration peaks 
for the monitoring of road surface quality (in terms of presence of bumps). The system, named Wolverline, 
optimized the method proposed in a previous study (Mohan et al., 2008), also in terms of energy consumption due 
to the use of the application on the device. A complete re-orientation of the three-axes accelerometer was carried 
out for converting accelerometer data from the phone frame to the vehicle frame. A k-means clustering algorithm 
was selected as the method for the identification of the class labels (bumpy or smooth road); results showed that 
the standard deviation of the acceleration along the vertical direction seemed to be the most significant parameter 
through which a correct localization of bumps could be done. The rate of false positive recordings was about 4%, 
whereas the percentage of false negative events reached a value of about 2%. Manual labeled data with the 
clustering procedure were used to train a Support Vector Machine classifier (SVM) for a subsequent automatic 
classification of road anomalies. A warning system for alerting drivers when approaching to a speed breaker was 
proposed by Jain et al (2012). In this study the bump detection algorithm does not use a ri-orientation procedure 
to align the accelerometer axes to the vehicle axes because road anomalies were identified by means of an 
analysis of the amplitude of the acceleration vector (considering the acceleration values along the three axes). 
About 680 km of roads were travelled, involving 22 different drivers and using many types of vehicles, from bus 
to motorcycle and cars and 4 smartphones. The system, named SWAS (Speed-breaker early Warning System) is 
able to give information about pre-registered bumps to drivers that are approaching them and, at the same time, it 
collects reading from the accelerometer for speed-breakers updating. Two different types of speed breakers, with 
different geometric features, were investigated and the probability of detecting both of them was estimated. 
Experimental results showed that the rate of true positive events was higher than 90% for cars, regardless the type 
of bump. This percentage decreased to a value of about 70% for motorcycles. The rate of false alarms was very 
low for car (around 10%), whereas it reached a value of more than 40% for motorcycles. 
3. Materials and methods 
The three-axial accelerometer piggybacked on mobile devices (smartphone/tablet) can sample data with the 
following frequencies: fastest - 100 Hz, game - 50 Hz, normal - 5 Hz, UI - 16 Hz.  
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On the contrary, the GPS receiver samples with a frequency of 1Hz. For this reason, in order to obtain geo-
referred accelerometer data, the accelerometer must sample with the same frequency of the GPS. Since the lowest 
accelerometer frequency is 5 Hz, the proposed algorithm estimates the minimum (az-min), the average (az-avg) and 
the maximum (az-max) acceleration values of five readings in one second. 
In particular, to survey road surface quality and the possible presence of anomalies, potholes, bumps and 
joints, only the vertical accelerations were analyzed. In order to be sure that the accelerometer detects the real 
vertical vibrations, even if the mobile device is randomly placed in the car, a partial ri-orientation of the mobile 
frame was carried out; in this way it was possible to ensure that the vertical axis of the vehicle overlaps with the 
vertical axis of the device, since the vehicle and the device orientation may be represented with a 3D Cartesian 
frame (Android Developers, SAE International, 1976). A ri-orientation procedure using the Euler Angles in a 
stationary condition, in which the only acting force is the gravity, was carried out (Astarita et al., 2012). Using 
the XYZ sequence, the equations for the calculation of the roll and pitch angles have the following expressions 
(1), (2): 
 
ߙ ൌ ܽݎܿݐ݃ ቀ௔೤௔೥ቁ          (1) 
ߚ ൌ ܽݎܿݐ݃ ቌ ି௔ೣ
ට௔೤మା௔೥మ
ቍ          (2) 
 
in which ax, ay and az are the device accelerations along x, y and z axis, respectively. 
The evaluation of the road surface quality was based on the analysis of the vertical acceleration impulse: the 
temporal derivative of the acceleration absolute amplitude in one second d(az-max-az-min), that was calculated as the 
difference between the maximum and the minimum value of the vertical acceleration in the defined unit of time. 
The vertical acceleration impulse (DVA) corresponds to a high-energy event, that is labelled as an “anomaly” on 
the road surface. 
The ri-oriented accelerometer data were also filtered by means of a post-processing algorithm in order to 
remove low frequency components in the signal due to the background noise: 
 
ܦܸܣ ൌ ൜Ͳ݂݅ܦܸܣ ൑ ܦܸܣ
௦௧
ܦܸܣ െ ܦܸܣ௦௧݂݅ܦܸܣ ൐ ܦܸܣ௦௧                           (3) 
 
where DVAst is the maximum  detected jerk in a stationary condition (for zero speed values). This value may 
change, depending on the mobile device type; for this reason, the developed algorithm allows to update it by a 
recalculation whenever the user decides to start the application. 
A statistical analysis of experimental data led to the detection of specific thresholds to which the impulse 
values are continuously compared. In order to single out only the high-impulse events and to reject non-anomaly 
records, the signal was filtered according to the following criterion: 
 
ܦܸܣ ൌ ቊͲ݂݅ܦܸܣ ൑ ܦܸܣ
௧௛
ܦܸܣ݂݅ܦܸܣ ൐ ܦܸܣ௧௛                                           (4) 
 
where DVAth is the reference set value of DVA.  
When the Android application starts running, the value of DVAst is calculated and the two filters are applied 
on registered data. The information collected during the trip is transferred in real time to the central server; if a 
consistent number of events (more than 5) higher than the fixed threshold is reached in the same location, the 
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server enables the point to be marked with the name “road anomaly” and it returns to road users this new 
information for driving assistance. 
A detailed experimental plan was designed and carried out to develop an automated procedure for the 
monitoring of road surface quality. Two test sites (A, B) were selected and three different mobile devices (a 
Samsung Next, a Samsung X Cover and a Samsung Galaxy Ace, named DI, DII and DIII, respectively) were 
located inside the test vehicle (Fiat Doblò). Both the test sites included an urban area of the city of Rende: the test 
site A (Viale Principe) is characterized by the presence of 19 stone bumps, whereas the test site B (Via 
Alessandro Volta - Viale Corvino) is characterized by the presence of several road anomalies (about 30), such as 
potholes of different dimension, rubber bumps and many crossing joints (see Fig. 1a and Fig. 1b).  
 
    
Fig. 1. (a) Road test site A; (b) Road test site B 
The evaluation of road real conditions, in terms of the total amount of existing anomalies was carried out by 
means of a handily inspection; anomalies were also localized with geo-referenced photos. Overall about 14 Km 
were travelled. Since the test sites are located in an urban area, the speed ranges from 25 Km/h to 50 Km/h. Two 
measurements for each test site and each trip were done. The devices were completely fixed to the dashboard of 
the vehicle through a rubber and adhesive support, as shown in Fig.2. 
 
 
Fig. 2. Mobile devices position inside the vehicle during the experimental tests 
Rende Cosenza Rende
Cosenza
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4. Results and discussion 
The experimental tests aimed to the identification of the right threshold for the automated detection of road 
surface anomalies. In particular, for each device and each trip, in both test sites, the percentage of detected events 
(RP, right positive) on the total number of anomalies was determined.  
Results are summarized in Table 1 and Table 2. As it is possible to see, DVAth  set values range from 4.5 m/s3 
to 2.5 m/s3, in relation to the most frequent variation limits which were registered in the dataset. 
Table 1. Percentage of detected anomalies according to different DVAth and mean value (MV) for each DVAth value (Test site A) 
Test Site A   
DVAth 
[m/s3] 
1st  Round trip 2nd Round trip Mean Value 
[%] DI 
 [%] 
DII 
[%] 
DIII 
[%] 
DI 
[%] 
DII 
[%] 
DIII 
[%] 
4.5 89.5 73.7 78.9 92.1 68.4 81.6 81.0 
4.0 94.7 86.8 81.6 94.7 76.3 81.6 86.0 
3.5 94.7 89.5 89.5 97.4 81.6 94.7 91.0 
3.0 100.0 89.5 92.1 100.0 89.4 100.0 95.0 
2.5 100.0 94.7 100.0 100.0 92.1 100.0 98.0 
 
Table 2. Percentage of detected anomalies according to different DVAth and mean value for each DVAth value (Test site B) 
Test Site B  
DVAth 
[m/s3] 
1st round trip 2nd round trip 
Mean Value 
[%] DI 
 [%] 
DII 
[%] 
DIII 
[%] 
DI 
[%] 
DII 
[%] 
DIII 
[%] 
4.5 60.0 53.3 76.7 56.7 46.7 66.7 60.0 
4.0 66.7 60.0 93.3 56.7 53.3 73.3 67.0 
3.5 73.3 63.3 93.3 66.7 56.7 83.3 73.0 
3.0 90.0 70.0 93.3 93.3 60.0 90.0 83.0 
2.5 100.0 80.0 100.0 100.0 66.7 100.0 91.0 
 
Table 3. Percentage of false positives events according to different values of DVAth 
Test Site B   
N° DVA
th 
[m/s3] 
1st round trip 2nd round trip 
Mean Value 
[%] DI 
 [%] 
DII 
[%] 
DIII 
[%] 
DI 
[%] 
DII 
[%] 
DIII 
[%] 
1 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 4.0 0.0 0.0 0.0 6.7 0.0 0.0 7.0 
3 3.5 0.0 0.0 0.0 16.7 0.0 10.0 13.4 
4 3.0 13.3 0.0 16.7 20.0 0.0 20.0 17.5 
5 2.5 33.3 3.3 26.7 50.0 0.0 40.0 31.0 
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Data analysis shows that a decrease in the value of DVAth corresponds to an increase in the percentage of right 
positive detected events (see Table 1 and Table 2). A difference between the two test sites was observed: the 
presence of stone bumps of large dimensions on the pavement surface (test site A) determines higher values of  
the acceleration impulse, in fact the percentage of right positive events is more than 80%  even if the DVAth is 
equal to 4.5 m/s3.  
Moreover, it was necessary to evaluate the percentage of false positive events (FP) that are registered for each 
value of DVAth(see Table 3). For the test site A no false positive events are detected, regardless the selected 
DVAth threshold and the device type. The analysis which was carried out on the test site B led to the results 
summarized in Table 3. This test site is characterized by many irregularities in the longitudinal profile that 
influence the vehicle motion and the effect on the user's perception of ride quality.  
The sensibility of each accelerometer which is piggybacked on the mobile devices may change the rate of 
false positive event and data accuracy in terms of correctly detected anomalies. In order to face this variability, an 
optimization procedure for the evaluation of the best value for the DVA threshold was carried out on recorded 
data for the test site B that represents the most constrained condition (see Fig.3).  
 
 
Fig. 3. Values of both right positive and false positive events for each value of DVAth 
As it is possible to observe in the graph of Fig.3, an area of allowable solutions, which is characterized by a 
value of more than 80% of right positive events and a percentage of false positive lower than 20%, was 
identified. All solutions belonging to this area can be considered as the best ones in terms of acceleration impulse 
limits for the identification of road anomalies. For the experimental data, the value of DVAth  that allows to better 
identify road surface anomalies is equal to 3m/s3 (DVAth4).  
In order to estimate the system accuracy and the proposed method performance, the presented automated 
procedure was validated considering four different test sites which included an urban and an extra-urban road in 
the city of Rende. The number of handily counted anomalies was 17, 20, 32 and 28 for the four test sites, 
respectively. 
 Results are summarized in Table 4 where the relative percentage of both right positive and false positive 
detected events is reported for each test site, together with the mean values (MV). The methodology allows the 
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recognition of road surface anomalies with a satisfactory level of performance: for all the test site the percentage 
of right positive events is higher than 80% whereas the rate of false positive is lower than 15%.  
Table. 4. Percentage of right positive and false positives events in the validation phase 
  Test Site 1 Test Site 2 Test Site 3 Test Site 4 Mean Values 
RP [%] 82.4 80.0 81.3 85.7 82.0 
FP [%] 12.0 15.0 9.4 14.3 13.0 
 
The last issue that was addressed in this research concerns the possibility of planning a methodology aimed to 
the optimization of the maintenance activities for the monitoring and management of road pavements (Vaiana et 
al., 2012).  
Table 5. Geometrical properties of detected anomalies with corresponding DVA (mean value and standard deviation for the three devices) 
Pothole Type A Type B Type C 
DVAmean 8.30 5.90 3.50 
DVA ı 1.38 1.40 0.90 
Dimensions  
[LxWxD, cm] 
[100 x 70 x 12] [370 x 480 x 5] [50 x 55 x 3] 
Damage Images 
GIS Screenshots 
 
 
DI 
 
DII 
 
DIII
 
 
 
 
 
 
 
 
To help choose the correct time to apply a treatment, a condition survey and non-destructive testing need to be 
carried out for providing a more rational approach to determine which pavements need treatment and when the 
treatment should be done (Uzarowski and Bashir, 2007).   
One of the most common problems related to roads damage is the presence of potholes of different dimensions 
on the road surface. Potholes are bowl-shaped holes similar to depressions which generates from small initial 
fragments that are dislodged from the top layer. Over time, the distress will progress downward into the lower 
layers of the pavement. Potholes are often located in areas of poor drainage or they are formed when the 
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pavement disintegrates under traffic loadings due to inadequate strength in one or more layers. In order to keep 
road surfaces drivable many patching operations need to be done during time to fill pothole or to repair ruts, 
slippage and other pavement defects (Orr, 2006).  
In the light of the above, the use of the proposed mobile application, together with a more detailed analysis of 
the acceleration signal, may provide to road maintenance operators a useful tool to better identify road distresses 
and evaluate the priority of their specific repair. In order to better understand how the acceleration signal, 
monitored by means of the mobile devices located inside the vehicle, can be used to classify the damage severity, 
three different pothole events were studied. The mean values of the acceleration impulse which was registered by 
the three devices (DI, DII, DIII), together with the standard deviation, were calculated. The dimensions of the 
detected anomalies were also estimated (see Table 5). 
Results show that the impulse seems to be directly proportional to the depth of the potholes; on the contrary, 
an area of distress of higher dimensions determines a longer stress time for the vehicle that is revealed by the 
number of points higher than the fixed threshold that are registered and located next to each other, as it is shown 
in the GIS screenshots of Table 5. 
5. Conclusions  
This paper investigates on the feasibility of an Android mobile application for road surface quality control in 
terms of surface anomalies detection by means of sensor equipped mobile devices.  
The algorithm developed to detect road bumps and potholes was based on the analysis of the vertical 
acceleration impulse: the temporal derivative of the acceleration absolute amplitude in one second that was 
calculated as the difference between the maximum and the minimum value in the defined unit of time. The 
vertical acceleration impulse (DVA) corresponds to a high-energy event, that is labelled as an “anomaly” on the 
road surface.  
A reorientation of the vertical acceleration, achieved through the Euler Angles, was carried out. The ri-
oriented accelerometer data were also filtered by means of a post-processing algorithm in order to remove low 
frequency components in the signal due to the background noise.  
A detailed experimental plan was designed and carried out to develop an automated procedure for the 
monitoring of road surface quality. Two test sites were selected and three different mobile devices were located 
inside the test vehicle and completely fixed to the dashboard. Overall about 14 Km were travelled; two 
measurements for each test site and each trip were done. The post processing algorithm was adequate to single 
out about 98% of stone bump events for a DVA threshold of 2.5 m/s3. For the correct identification of other types 
of anomalies (rubber bumps, potholes and joints) an optimization procedure for the evaluation of the most 
adequate DVA threshold was carried out. An area of allowable solutions, which was characterized by a value of 
more than 80% of right positive events and a percentage of false positive lower than 20%, was identified. All 
solutions belonging to this area were considered as the best ones in terms of acceleration impulse limits for the 
identification of road anomalies. 
For the experimental data, the value of DVAth  that allowed to better identify road surface anomalies was equal 
to 3m/s3 (DVAth4). The system accuracy and the proposed method performance were tested by means of a 
validation on four different test sites which included an urban and an extra-urban road in the city of Rende. 
Results showed that the methodology allows the recognition of road surface anomalies with a satisfactory level of  
right positive detected events (always more than 80%). 
In order to better understand how the acceleration signal monitored by means of the mobile devices located 
inside the vehicle can be used to classify the road damage severity, three different pothole events were studied in 
detail.  
Results showed that there was a linear relationship between the acceleration impulse and the potholes 
dimensions in terms of their mean depth. Furthermore, the length and the width of the damage seemed to be 
related to number of points higher than the fixed threshold that was singled out next to each other.  
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It is noted that this project was run under the auspices of the research project “M2M – Mobile to Mobility: 
Information and communication technology systems for road traffic safety” (PON National Operational Program 
for Research and Competitiveness 2007-2013, co-financed by European Regional Development Fund, FESR). 
The main objective of this project is giving real-time information on road quality to road users through mobile 
sensor computing systems in order to reduce risks and to make the transportation system more safe and 
comfortable.  
Outcomes of this study are expected to benefit both practitioners and researchers; future work will also 
address to the possibility of giving an useful tools to road maintenance operators for the monitoring of road 
quality and for a more adequate allocation of resources. 
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